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Abstract: Most crops in northern China are irrigated, but the topography affects the water use, soil erosion, runoff and yields.  
Technologies for collecting high-resolution topographic data are essential for adequately assessing these effects.  Ground 
surveys and techniques of light detection and ranging have good accuracy, but data acquisition can be time-consuming and 
expensive for large catchments.  Recent rapid technological development has provided new, flexible, high-resolution methods 
for collecting topographic data, such as photogrammetry using unmanned aerial vehicles (UAVs).  The accuracy of UAV 
photogrammetry for generating high-resolution Digital Elevation Model (DEM) and for determining the width of irrigation 
channels, however, has not been assessed.  A fixed-wing UAV was used for collecting high-resolution (0.15 m) topographic 
data for the Hetao irrigation district, the third largest irrigation district in China.  112 ground checkpoints (GCPs) were 
surveyed by using a real-time kinematic global positioning system to evaluate the accuracy of the DEMs and channel widths.  
A comparison of manually measured channel widths with the widths derived from the DEMs indicated that the DEM-derived 
widths had vertical and horizontal root mean square errors of 13.0 and 7.9 cm, respectively.  UAV photogrammetric data can 
thus be used for land surveying, digital mapping, calculating channel capacity, monitoring crops, and predicting yields, with the 
advantages of economy, speed and ease. 
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1  Introduction  
Raster digital elevation models (DEMs) can represent 
continuous topographic elevations above a common base level in 
two ways, as digital surface models (DSMs) and digital terrain 
models (DTMs).  A DSM is a model in which each pixel has the 
value of the highest feature at the pixel location, and vegetation, 
structures, and water are filtered out of DTMs.  DEMs are widely 
used in automated hydrological analyses and for the extraction of 
watershed characteristics, including slope steepness[1], slope 
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length[2], direction of water flow[3,4], drainage networks[5,6], surface 
roughness of agricultural soils[7], and flood simulation[8].  
Procedures have been developed over the last 30 years that allow 
the use of geographic information system (GIS) and remote sensing 
(RS) to monitor any dynamic process for increasing the 
productivity of cropland, including water use, soil salinisation, crop 
condition, and topographic changes.  Low-resolution DEMs, 
however, cannot be used in hydrological analyses to assess 
irrigation districts where the land is flat[9].   
Elevation data are usually obtained by three methods[10]: (1) 
Field surveys: this method is the most accurate, but generating 
high-resolution DEMs for large areas is time-consuming, expensive, 
and difficult.  (2) Existing topographic maps: high-resolution 
DEMs depend on map scale and are generated by upscaling spatial 
interpolation[11], but some of the DEM cells cannot represent the 
real terrain and are estimated by an interpolation algorithm based 
on the topographic maps.  (3) Remote sensing: features of 
irrigation districts, such as irrigation networks and crop height, are 
not visible in satellite data.  Technological advances have been 
made in recent decades for acquiring, storing, and mapping data, 
but affiliated research, e.g. airborne photogrammetry, 
interferometry, and techniques of light detection and ranging, can 
be costly for small areas of only a few square kilometres[12].  
Recent developments in remote sensing with unmanned aerial 
vehicles (UAVs), also known as drones, have emerged from new, 
flexible, high-resolution technologies for the collection of 
topographic data.  The spatial resolution of the data collected by 
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UAVs can be much higher due to their low flight altitudes[13].  
Data collection is also inexpensive.  The production of 
orthophotos and DEMs has become completely digital, mostly 
automatic, and rapid.   
Irrigated agriculture produces 40% of the food for human 
consumption globally and consumes 70% of the water demand[14].  
The rapid population growth in recent decades has forced an 
increase in cropland productivity, particularly in water-limited 
areas[15,16].  The topography of agricultural land plays an 
important role in the quantification of runoff and sediment 
transport, because the presence of crops, crop residues, furrows, 
and ridges may affect the flow of surface water.  The Hetao 
irrigation district (HID) is the third largest irrigation district in 
China, covering an area of 1.12 Mhm2, 51% of which is irrigated.  
It produces more than 35% of the wheat, sunflowers, and sugar 
beets in the Inner Mongolia Autonomous Region[17].  This area 
has a typically arid and semi-arid continental climate, and the 
irrigation water comes mainly from the Yellow River.  The 
increasing demand for water for industrial and domestic uses and 
for generating hydroelectric power exacerbates the severity of 
water scarcity in this area.  Optimising the efficiency of irrigation 
in this area is thus urgently needed.  Obtaining high-resolution 
terrain maps for generating irrigation networks and classifying land 
use and crop conditions has become the main challenge.  UAV 
applications can be used for re-planning forest roads[18], monitoring 
crops[19], detecting archaeological sites[20], surveying the effects of 
earthquakes[21], environmental surveying[22], monitoring traffic[23], 
and 3D reconstruction[24].  Various UAV-based civilian 
applications and accuracy analyses have been described[10,25-27].  
The application and precision of DEMs derived from UAV 
stereo-photogrammetry, however, have not yet been verified or 
quantified in irrigated areas in China.   
In this research, a UAV was used to capture aerial images of 
HID for generating DEMs.  The accuracy of the DEMs was 
estimated by comparing them to ground-based measurements.  
The storage capacity of irrigation-channel networks plays an 
important role in precision irrigation, particularly the design of the 
networks and locations of the pumping stations.  The capacity of 
an irrigation channel can be calculated from a raster map, e.g. a 
DEM, so the accuracy of channel widths derived from a DEM 
should be assessed.  Both the vertical (depth) and horizontal 
(width) errors were also estimated in HID's irrigation-channel 
network. 
2  Materials and methods 
2.1  Study area 
The HID is in the upper reaches of the Yellow River and is a 
closed rift basin that formed in the late Jurassic of Mesozoicperiod.  
It is the most important part of the Inner Mongolia Autonomous 
Region for producing food.  The mean annual precipitation is only 
155 mm.  The mean annual temperature is 7°C, with monthly 
averages of −10.1°C and 23.8°C in January and July, respectively.  
The mean annual pan evaporation (20 cm pan) is about       
2000 mm[17].  Irrigation plays a dominant role in this region due to 
the low rainfall.  Surface water from rivers, lakes, and snowmelt 
are the major sources of irrigation water.  About 5.2×109 m3 of 
water are taken from the Yellow River each year to irrigate crops.  
The increasing demand for water for industrial and domestic uses 
and for generating hydroelectric power, however, exacerbates the 
severity of water scarcity in this basin.  Decreases in precipitation 
and river flow have also been detected[28].  Various water-saving 
technologies and measures must thus be adopted for improving the 
management of furrowed and level-basin irrigation systems.   
The soil in HID is frozen for about six months of the year.  
Soil salinity and groundwater levels rise and fall during the year 
due to irrigation infiltration and phreatic evaporation[29].  Four 
periods are identified associated with the rise or fall of the water 
table.  The first period, from late March to mid/end of May, is 
when frozen soil water melts.  Soils are frozen at the beginning 
of this period, and the groundwater level is at its lowest.  The 
water table then rises as the soil water melts until early May, 
recharging the aquifer with the melted water infiltrating from the 
upper soil layers.  The second period, from May to the end of 
September, is the crop growing season, where the evaporative 
demand is very high.  The third period is from early October to 
early November.  All crops are then harvested, and the fields are 
flooded to leach salts, improve soil structure by the freeze–thaw 
cycles in the upper layers, and provide sufficient soil moisture for 
subsequent crops.  The fourth period is from early November to 
mid-March when the soil is frozen.  The thickness of the frozen 
layer increases and the groundwater level decreases as the 
temperature decreases, because no recharge water is available 
from irrigation or rain. 
The UAV was flown over two study areas in HID on the Loess 
Plateau in the Inner Mongolia Autonomous Region (red rectangles 
in Figure 1) near the Yellow River in China (40°24'40"-41°6'52"N, 
107°1'40"-107°53'13"E).  The total area is approximately 20000 m2, 
with an elevation range of 973.76-1037.01 m a.s.l.  The two study 
areas are near the villages of Baleng in Dengkou County and 
Haifeng in Haiziyan County.  The study areas have four main 
terrain features: normal channels, brick-lined channels, roads, and 
farmland (Figure 2). 
 
Figure 1  Study areas (red rectangles) near the villages of Haifeng 
and Baleng on the Loess Plateau (black line) 
 
2.2  Data processing and DEM generation by UAV 
DEMs contain data for the elevation of the terrain that can be 
used to derive contour lines.  DEM quality control is needed for 
obtaining qualitative maps from images and involves the evaluation 
of interior and exterior accuracy.  Interior accuracy can be defined 
by stereo measurements.  Exterior accuracy compares the 
elevation of terrain points derived from DEMs with data from 
geodetic or GPS measurements. 
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a. Normal channel (Feature A)       b. brick-lined channel (Feature B)              c. road (Feature C)                d. farmland (Feature D) 
Figure 2  Terrain features in the study areas 
 
This study used DEMs and orthophotos obtained from two 
UAV flights on 21 and 22 March 2016.  Orthophotos are digital 
aerial photographs rectified to a DEM of the same area, giving the 
entire photo the same scale[30].  UAV flights are dependent on the 
weather, winds, and optimal flying heights[31].  Flying heights 
range from 80 to 300 m, depending on the required image 
resolution.  Wind speed must be <10 m/s.  Orthophotos are 
digital aerial photographs rectified to a DEM of the same area, 
giving the entire photo the same scale[30].  The DEMs and 
orthophotos were acquired by UAV-based photogrammetry using 
an AF1000 UAV (Anxiang Power Company  Beijing, China), 
which is a robust, low-cost, light UAV constructed with styrofoam .  
It is a MAVinci fixed-wing airplane with a wingspan of 2.7 m and 
a speed of 14 m/s (Figure 3) and can fly for a maximum of 70 min 
in low wind conditions.  It was equipped with a SONY A5100 
GX1 24 megapixel digital camera with an EF-M 22-mm lens.  
The device weighed 302 g and fully equipped weighed 418 g.  
The UAV guidance system can be set to fully automatic, 
semi-manual, or manual.  Take-off and landing on a flat surface 
can be automatic or manual.  The Paparazzi autopilot[32] based on 
the Arduino embedded system was used for automatic guidance.  
Aerial photographs were automatically mosaicked to create 
high-resolution orthophotos and DEMs using Agisoft Photoscan[33].  
Approximately 1000 aerial images were acquired during each flight.  
Five ground checkpoints (GCPs) were measured before the flights 
using a Huace real-time kinematic (RTK) receiver (Shanghai, 
China).  GPS surveying was used to georeference the data 
(painted black and white aluminium plates 40×40 cm in size) for a 
total of 112 GCPs in the study areas (including the above five 
GCPs).  RTK is a GPS tool for determining position and elevation 
with an accuracy as high as ±1 cm[34].  The DEM error was 
considered to be the difference between the given value of a pixel 
and the true value[35].  The field observations (also referred to as 
‘true values’) must be more accurate than the data collected for 
DEM generation to determine whether a DEM contains errors.  
The GCPs were used as reference points.  RTK used GPS with a 
reference station in the field to determine locations.  The ability to 
identify features of the terrain can differ among locations[10], so the 
GCPs were distributed among four terrain features for 
comprehensively assessing the errors.  Eighty-two of the 112 
GCPs were in irrigation channels or ditches (41 were in normal 
channels, and 41 were in brick-lined channels), 28 pairs (56) GCPs 
located both side of the channels, left 26 GCPs located in the centre 
of channels.  The widths of which where the 56 GCPs located 
were manually measured.  Eleven of the GCPs were on roads, and 
19 were on farmland.  These field observations were made for 
determining both the horizontal and vertical accuracies of the 
UAV-derived DEMs. 
 
a. AF1000 UAV               b. Ground control station 
Figure 3  UAV equipment 
 
DEMs normally contain vegetation, structures, and water and 
are therefore DSMs and not DTMs, which would represent the soil 
surface.  The structure of agricultural soil is continuously 
modified by farming activities, but the data were collected when 
the vegetation cover was low, the soil was frozen, and no crops 
were growing, so our DEMs could be considered as DTMs.  The 
resolution of the DEM data was 0.15 m from a dense point cloud.  
Gauss Kruger projections were used in zones 6° wide based on the 
Xian80 Geographical Coordinate System and the 1985 National 
Height Datum. 
2.3  Analysis of accuracy 
DEM errors are generally divided into three groups: systematic, 
blunders, or random[36].  Blunders can be assumed to have largely 
been removed if the data have been well reviewed before DEM 
generation.  DEM errors can then be considered to be the sum of 
only systematic and random errors.  Systematic errors are due to 
the procedures used to generate the DEM and follow fixed patterns 
that can cause bias or artefacts in the final DEM.  Systematic 
errors can be removed or reduced if their causes are known.  
Random errors are those that remain in the data when systematic 
errors and blunders have been removed. 
The accuracy of the analysis was assessed by comparing the 
UAV-derived DEM with the 112 measured GCPs in the study area 
used as references.  The vertical error was calculated by 
subtracting the elevations measured at the 112 GCPs from the 
DEM elevations at the same points.  The widths of the irrigation 
channels were measured manually (Figure 4a).  The horizontal 
error was calculated by subtracting the channel widths measured at 
56 of the 82 channel GCPs from the DEM widths at the same 
points.  The ‘Measure-Distance’ tool in ArcGIS was used to 
measure the distance between two points, which was called the 
distance from the map (DFM).  The capacity of an irrigation 
channel can be calculated from a raster map, e.g. a DEM, so 
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channel widths can be calculated from DEMs by counting the 
numbers of grid cell (Figures 4b and 4c).  This distance was called 
the distance from the raster (DFR).  The channel width is the 
Euclidean distance between the centres of the two grid cells where 
the GCPs are located.  The DFR between point a and b can be 
calculated based on the vertical and horizontal cell numbers, the 
distance of point a and b can be calculated by following equation: 
2 2( , ) ( , ) ( , )d a b d a c d b c′ ′ ′ ′ ′ ′= +     (1) 
where, d(a′, b′) is the distance of point a′ and b′; d(a′, b′) is the 
distance of point a' and b′; d(b′, c′) is the distance of point b′ and c′. 
 
a. Manually                       b. Theoretical DFR (red line) of two GCPs        c. Actual DFR (red line) of two GCPs overlaying  
(points a and b)                                   DEM data 
Figure 4  Measurement of irrigation-channel width 
 
Model performance is best assessed using a combination of 
metrics[37], so several common parameters for comparing 
UAV-derived DEMs and GCPs were calculated, including RMSE, 







































     (4) 
where, n is the number of GCPs; ZiGCP is the reference value 
(elevation for vertical error or distance for horizontal error) of the 
GCPs; ZiDEM is the value (elevation for vertical error or distance for 
horizontal error) for the corresponding grid cell in the DEMs. 
3  Results and discussion 
The errors determine the dispersion of the distribution of 
deviations between the measured elevations and the DEM data.  A 
larger error corresponds to a higher dispersion between the two 
types of data.  The number of GCPs differed in different areas; the 
area in the irrigation-channel network had more GCPs (Figure 5).  
This result was expected due to the importance of irrigation 
channels.  The difference between the measured elevations and 
the 0.15 m DEM elevations ranged from  ̶ 9.87 cm to 29.1 cm 
(Figure 6), where negative and positive values imply that the DEM 
elevations were over- and underestimated, respectively.  For the 
UAV-derived DEMs, 62.5% of the absolute errors were <10 cm, 
and 77.7% were <15 cm.  These results for testing the accuracy of 
the elevation of points obtained from photogrammetric data 
indicated that using a low-cost UAV for data acquisition provided 
the required accuracy and could be used for agricultural 
monitoring.   
Ouedraogo et al.[10] suggested that positive errors could be 
caused by the compaction of soil by tractor wheels.  Farming 
activities in the study area, however, had not yet started, but 
positive errors were still found, indicating that farming activity may 
influence the accuracy of DEMs, but random and systemic errors 
may have the largest impact. 
The errors for the four types of terrain features were calculated 
separately.  The maximum and minimum differences occurred at 
the normal channels (Feature A) and roads (Feature C), with values 
of 29.1 and 0.1 cm, respectively.  Absolute errors >15 cm were 
mainly along channel edges.  The presence of dry grass, trees, and 
crop residues beside the channels would influence the accuracy of 
3D resolution.  The descending order of absolute differences was 
Feature A > Feature B > Feature D > Feature C.  These results 
indicated that the DEMs derived from UAV photogrammetry could 
be sensitive to surface colour.  The greater the contrast in colour, 
the smaller the errors. 
RMSE, MAE, and SD for all 112 GCPs were 13.0, 10.7, and 
6.8 cm, respectively (Table 1).  The UAV-derived DEMs were 
thus accurate, because their mean absolute differences did not 
exceed 0.15 m.  Point-based analyses of RMSEs can determine 
the relationship between topographic features and altitude.  The 
maximum and minimum RMSEs were also at normal channels 
(Feature A) and roads (Feature C), with values of 16.5 cm and   
6.7 cm, respectively.  This result also indicated that DEMs of 
agricultural watersheds can be generated from UAV 
photogrammetric data using Agisoft PhotoScan.  The RMSEs had 
a range of 6.7-16.5 cm.  This method could be adopted for 
monitoring the growth of sunflowers and corn. 
 
Table 1  Vertical errors in the UAV-derived DEMs 
Error Type Feature Number of GCPs RMSE/cm MAE/cm SD/cm
Vertical 
errors 
Total 112 13.0 10.7 6.8 
A 41 16.5 13.9 8.8 
B 41 10.9 9.3 5.8 
C 11 6.7 4.6 4.8 
D 19 11.3 10.0 4.8 
Horizontal 
errors 
A 28 8.2 6.4 5.8 
B 28 7.6 6.2 5.9 
DFR errors
A 28 17.6 16.8 12.2 
B 28 12.7 11.4 9.5 
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Note: DEM elevation (a) and orthophoto (b) near the village of Baleng in Dengkou County, Inner Mongolia Autonomous Region, China; DEM elevation (c) and 
orthophoto (d) near the village of Haifeng in Haiziyan County.  The insets indicate the positions of the study areas on the Loess Plateau.  The different colour dots in a 
and c indicate the GCPs, Feature A (red dots), Feature B (blue dots), Feature C (orange dots) and Feature D (green dots). 
Figure 5  GCPs in the irrigation-channel network 
 
Note: Left clusters of data points is Haifeng village and right cluster is Baleng village.  
Figure 6  Differences between the ground check points and the UAV-derived DEMs for the four terrain features 
 
Nonlinear (parabolic) distortion overestimated the terrain 
elevation on the borders of image blocks when using the Agisoft 
Lens toolbox for 3D reconstruction.  This shift has been referred 
to as ‘bowl effect’ by some users of Agisoft PhotoScan[10].  This 
kind of error can be evaluated by DFMs as horizontal errors  
(Table 1).  
The accuracy of the calculated irrigation-channel widths was 
8.4 cm (Table 1).  Errors were larger for normal than brick-lined 
channels.  The manual measurements and our calculations may 
have both contained errors, but the test indicated that the DEMs 
derived from UAV photogrammetry did not correspond well with 
the ground data.  These errors demonstrated that horizontal errors 
do exist.   
The errors in irrigation-channel width were larger for DFR 
than DFM (Table 1).  The grid size influenced the DFR errors, so 
a DEM with a grid size of 1 cm was generated, which already 
reached the limitation of RTK accuracy.  The DFR and DFM 
RMSEs became 9.0 and 8.6 cm, respectively, but errors remained 
in this situation.  This accuracy, however, met our targets for 
mapping the terrain of an irrigated area, monitoring crop growth, 
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and determining the capacity of an irrigation-channel network.  
Many other factors can influence the accuracy of UAV-derived 
DEMs.  Jaud et al.[26] demonstrated that accuracy varied among 
the data-processing algorithms used in different programmes (e.g. 
MicMac and Agisoft PhotoScan).  This effect on accuracy should 
be further evaluated in future studies.  The correlation between 
flight height and error should be also assessed to quantify the 
increase in error in irrigated regions. 
4  Conclusions 
UAV photogrammetry has been widely used in recent years.  
The largest advantages are the speed of data collection, the density 
of measured points, and its affordability.   
(1) This study indicates that the development of remote sensing 
using UAVs is a priority for economic and environmental reasons, 
especially in semiarid and arid areas where irrigation must be 
controlled.  Compared with traditional mapping, this method can 
reduce operational costs where the weather is bad but retains 
sufficient accuracy.   
(2) The results showed that UAV-based data could be used for 
DEM generation by photogrammetric techniques with a vertical 
accuracy of 13.0 cm a horizontal accuracy of 15.2 cm, meeting the 
criteria of accuracy, and can generally be considered as a 
convenient tool for data collection for surveying the surface of 
irrigated areas.  UAV photogrammetry can be a supplement to, or 
a replacement for, traditional terrestrial methods for image 
acquisition in small areas. 
(3) UAV photogrammetry will be an essential tool that is 
rarely applied to the management of irrigated agricultural systems 
in these regions.  The 3D models produced are satisfactory for 
analysing topographic texture.  Some parameters, such as weather, 
vibrations, lens distortions, and software, directly affect the process 
and model accuracy.  More research is needed to increase the 
accuracy of UAV-derived DEMs. 
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